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Available online 18 May 2016This study investigates Ionian Sea seismo-turbidite (ST) deposits that we interpret to be triggered by major his-
toric earthquakes and tsunamis in the Calabrian Arc. ST beds can be correlated with the AD 1908 Mw 7.24 Mes-
sina, AD 1693 Mw 7.41 Catania, and AD 1169 Mw 6.6 Eastern Sicily earthquakes while two previously unknown
turbidites might have been generated by the AD 1818 Mw 6.23 Catania and AD 1542 Mw 6.77 Siracusa
earthquakes.
Textural,micropaleontological, geochemical andmineralogical signatures of STs reveal cyclic patterns of STa, STb,
STc and STd sedimentary units for each earthquakewith an associated tsunami. The STa unit containsmultiple ST
stacks with different mineralogy, geochemistry foraminiferal assemblages and sedimentary structures that are
deposited from synchronous multiple slope failures and turbidity currents. The STb homogenite graded mud
unit overlying the STa unit is deposited by the waning ﬂows of the multiple turbidity currents that are trapped
in the Ionian Sea conﬁned basin. The STc laminated andmarine-sourcedunit results from seiching of the conﬁned
watermass that appears to be generated by earthquake ruptures combinedwith tsunamiwaves. The STd unit is a
tsunamite cap deposited by the slow settling suspension cloud created by tsunami wave backwash erosion of the
shoreline and continental shelf. This tsunami process interpretation is based on the textural gradation of the
upper unit and a more continental source of the tsunamite cap which includes C/N N 10 and the presence of
inner shelf foraminifera with a lack of abyssal species. This interpretation is in agreement with the lack of a
tsunamite cap for the turbidite likely linked to the AD 1542 historic earthquake that is not associated with a tsu-
nami. The new sedimentologic criteria identiﬁes theﬁnal seiche and tsunamite cap deposits of STs and provides a
model that can now be tested in other locations to better understand the different depositional processes of
seismo-turbidites in conﬁned basins.
© 2016 Elsevier B.V. All rights reserved.1. Introduction
Earthquake geology in underwater environments is awidely applied
method used to reconstruct paleoseismicity back to pre-historical times
in many different active tectonic settings, both in lake (Strasser et al.,
2013; Moernaut et al., 2014; Howarth et al., 2014) and marine basin
ﬂoors (Patton et al., 2015 and references therein).
The abyssal plain in the Ionian Sea is a good site for turbidite
paleoseismological studies because river ﬂoods and/or prodeltaic fail-
ures do not affect this area (Fig. 1). Also there are detailed historical
earthquake catalogues, that can be linked to the speciﬁc turbidite
units in the uppermost part of the sedimentary sequence..The term “seismo-turbidite”, here indicated as “ST”, was ﬁrst intro-
duced by Mutti et al. (1984) to describe “repetitive turbidites deposited
in highly mobile basins” with particular reference to the Apennines. In
the same year, Kastens (1984) introduced the term “marine
paleoseismology” when studying turbidite and debris ﬂow deposits in
the outermost Calabrian Arc accretionary complex and searching for
distinctive earthquake-emplaced sedimentary structures. In her study,
the Ionian deep sea was described as an ideal site for testing this ap-
proach, because of the long interval of deposition with little inﬂuence
from river inputs. In addition, the abyssal plain is located between two
active subduction systems, the mega-thrust sources of the Hellenic
Arc, and the closer Calabrian Arc, where tectonic activity and resulting
earthquakes are the “normal” catastrophic events that deposit sediment
in the 4000 m deep basin (Polonia et al., 2013a, 2013b, 2016a; Köng et
al., 2016).
Fig. 1. Shaded relief map of topography/bathymetry of the central and eastern Mediterranean Sea (data from SRMT plus: http://topex.ucsd.edu/WWW_html/srtm30_plus.html) with
major tectonic structures in red.The inset map shows the Africa/Eurasia plate boundary (in white) and location of the working area in the Mediterranean (see red box). Yellow stars
represent location of four cable breaks after the AD 1908 Messina earthquake (Ryan and Heezen, 1965). The time elapsed between two successive cable breaks was used to
reconstruct the seismo-turbidite velocity (6–7 m/s, according to Ryan and Heezen, 1965). Orange dots represent sediment cores described in this study while red dots represent the
epicenters of historical earthquakes as reported in the earthquake catalogue (Rovida et al., 2011). MS: Messina Strait region. White lines represent major canyon systems (labelled 1–
4) from the Messina Strait region down to the abyssal plain.
Modiﬁed from Polonia et al. (2011, 2016b).
178 A. Polonia et al. / Marine Geology 384 (2017) 177–198Radiometric and short-lived radionuclide ages are available for the
most recent turbidite sequences, that were sampled by gravity coring
in the Ionian Sea. These ages have been used to generate a chronologyTable 1
Major historical earthquakes in the study area that haveMw N 5.8 (Rovida et al., 2011). In
grey earthquakes that triggered the deposition of a seismo-turbidites in the analyzed
cores. TSUN: earthquakes associated with tsunamis (Tinti et al., 2004).
Date Location Lat N Lon E Mw
1908 12 28         TSUN Southern Calabria 38.15 15.68 7.24
1907 10 23         TSUN Southern Calabria 38.13 16.02 5.87
1818 02 20         TSUN Catania 37.60 15.14 6.23
1783/102 06      TSUN Messina region 38.22 15.63 5.94
1783/202 05 TSUN Southern Calabria 38.30 15.97 7.02
1693/201 11 TSUN Eastern Sicily 37.14 15.01 7.41
1693/101 09   TSUN Val di Noto 37.14 15.03 6.21
1542 12 10 Siracusa 37.21 14.94 6.77
1169 02 04         TSUN Eastern Sicily 37.32 15.03 6.41
1125 06 07 Siracusa 37.08 15.28 5.78of turbidite sedimentation associated with earthquakes along the Afri-
ca/Eurasia convergent margin (Polonia et al., 2013a, 2013b, 2015,
2016a). The chronology provided by high resolution radiocarbon ages
of pelagic sediment layers and chronostratigraphic ages based on sedi-
mentation rate, has been correlated with the historical earthquake cat-
alogue. This indicates amatchbetween turbidite emplacement time and
themajor historic earthquakes in AD1908, 1693 and 1169 (Table 1).We
summarize methods and main results of the previous and present age
studies in Supplementary SM1.
Although the AD 1908, 1693 and 1169 earthquakes have been corre-
latedwith STs, some important issues about turbidite generation in the Io-
nian Sea remain to be resolved. The three above historic earthquakes
which triggered turbidity currents are all associated with tsunamis (Tinti
et al., 2004), although it is not clear how the tsunami wave contributed
to sediment remobilization and whether the tsunamis were generated
by seaﬂoor ruptures on the fault planes, or by submarine slope failures
triggered by seismic shaking. For example, the huge tsunami of the most
recent and best known event in the region, the AD 1908 Messina earth-
quake, caused about 11 m of run-up and tremendous devastation on the
coasts of Sicily and Calabria, with tens of thousands of lives lost (Omori,
1909; Platania, 1909; Baratta, 1910; Tinti et al., 2004). However, if we con-
sider the proposed fault sources for earthquakes, only 1m of such run-up
could be explained by fault rupture (Okal and Synolakis, 2004); the effect
of submarine landslides need to be invoked to account for the AD 1908
high tsunami run-up (Tappin, 2008; Billi et al., 2009; Favalli et al., 2009;
Ridente et al., 2014). The detailed analysis of the AD 1908 ST layer in
this paper provides insights on the ST generation, sediment sources and
turbidity current pathways, and information on the general issue of sub-
marine landslide vs. fault rupture in generating tsunamis.
179A. Polonia et al. / Marine Geology 384 (2017) 177–198The 11 January AD 1693, Mw 7.41 Catania earthquake, the strongest
recorded in Italy, is part of a sequence of earthquakes and triggered the
deposition of a thick ST in the abyssal plain. However, the source(s) of
the AD 1693 earthquake(s) is/are still highly debated (see Section 3
and Polonia et al., 2012, 2013a for a review). The detailed analysis of
the correlative ST may provide useful information about these sources
and relative contribution from each individual earthquake of the AD
1693 seismic sequence.
Another key issue in ST studies is evaluating the contribution of
tsunami wave generation related to the deposition of STs. The cata-
strophic 2004 Sumatra and 2011 Tohoku earthquakes triggered dev-
astating tsunamis whose effects have been studied using the state-
of-the-art methods applied to earthquake geology (Arai et al.,
2013; Ikehara et al., 2014; Patton et al., 2013, 2015; Sumner et al.,
2013; Goldﬁnger et al., 2014). Associated STs have been identiﬁed,
some of which could have been deposited by tsunami backwash
(Arai et al., 2013).
Only two deep-sea “tsunamite” STs have been proposed to date. One
is the thick (up to 25m) Homogenite/Augias turbidite in the Ionian SeaFig. 2. Sub-bottomCHIRP proﬁles across the coring sites. Location of Chirp seismic line and gravit
06, and 07 at the transition from the abyssal plain to the outer accretionarywedge. Core CALA 04
not directly connectedwith the abyssal plain nor to canyon systems. Insets: zoomof the CHIRP p
ponded closed basin at a canyon mouth where CQ14_02 was collected. Gravity cores are repre(Kastens and Cita, 1981; Polonia et al., 2013a, 2016a), and the second
are some centimeter thick deposits triggered by the 2011 Tohoku-
Oki earthquake and tsunamis (Arai et al., 2013; Ikehara et al., 2014;
McHugh et al., 2016). However, no detailed studies were performed
on these deposits to unravel similarities and/or differences between
tsunamis-triggered turbidites and turbidites triggered by direct
earthquake shaking (Nelson et al., 2012; Gutiérrez-Pastor et al.,
2013).
In this study we use three gravity cores (CALA 04, CALA 05 and
CQ14_02), selected among a larger dataset, for a multi-proxy study
to characterize each ST unit. Two additional cores (CALA 06 and
CALA 07) are used for turbidite correlation. Our multi-proxy ap-
proach helps to unravel the relative contribution of seismic shaking
(sediment failures, MTDs, turbidity currents e.g. Van Daele et al.,
2014) and tsunami wave processes (overwash surges, backwash
ﬂows, turbidity currents, basin seiching e.g. Shiki and Cita, 2008;
Pattiaratchi and Wijeratne, 2009; Hilbe and Anselmetti, 2015) that
deposit abyssal plain STs and provide criteria to decipher processes
for STs elsewhere.y cores are shown in Fig. 1. a) Sub-bottomChirp proﬁle along the core transect CALA 04, 05,
was collected in the abyssal plain,while cores CALA 05, 06, and 07 inmore conﬁned basins
roﬁles on the coring stations. b) Sub-bottomChirp proﬁle across the tectonically controlled
sented in red.
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In the western Ionian Sea margin the crust of the African plate is
being subducted beneath Calabria (Fig. 1). Plate convergence is accom-
modated along the outer deformation front (i.e., the plate boundary)
that marks the transition from the 4000 m deep abyssal plain and the
accretionary wedge that constitutes the continental slope. The accre-
tionary wedge consists of: i) the frontal wedge made up of evaporites,
whose deformation produces conﬁned sedimentary basins; and ii) the
inner wedge, with steeper slopes and submarine canyons which feed
wider perched basins and slope terraces (Figs. 1 and 2) (Polonia et al.,
2011). High uplift rates (up to 2 mm/year) of the coastal mountains
are the shallow response to mantle upwelling at edges of the narrow
and retreating slab (Faccenna et al., 2011), and result in enhanced sed-
iment discharge onto the continental shelves. A number of active defor-
mation belts, parallel and orthogonal to the trench, control the
physiography of the margin and the sediment dispersal (Fig. 1).
Bathymetric maps and previous studies on active faults in the Ionian
region show a strong interplay between structural development, loca-
tion and continuity of canyon systems (Fig. 1). Three main tectonic fea-
tures,which segment the continentalmargin (i.e. theMalta escarpment,
the Alfeo-Etna fault system and the Ionian fault), control the paths of
major canyons (Polonia et al., 2016b). The Alfeo-Etna fault, a lithospher-
ic transtensive fault, marks the boundary between two different canyon
systems. To thewest of the fault, canyons from theMt. Etna region (N. 1
in Fig. 1) connect with the steep and short canyons crossing the Malta
escarpment and continue at its base before reaching the abyssal plain.
Some of the canyons from the Messina Strait region connect with the
western canyons located north of the Alfeo seamount (Fig. 1). To the
east of the Alfeo-Etna fault a number of anastomosing canyons from
the Messina Strait and southern Calabria region reach the slope terrace
located at about 3000 m of water depth (canyon systems N. 2, 3, 4 in
Fig. 1). Southeast of the slope terrace, the canyon systems do not contin-
ue due to the low topographic gradient of the evaporite-bearing frontal
wedge (taper angle b 2°) and the presence of a rough topographymade
up of structural highs and depressions (Fig. 1).
Uplifting coastal mountains in Calabria and northeastern Sicily com-
bined with the recent occurrence of Mediterranean tropical-like cy-
clones (Miglietta et al., 2011) make the Ionian Sea prone to river
ﬂoods and hyperpycnal ﬂows (Casalbore et al., 2011) that need to be
taken into account as potential triggeringmechanisms for turbidity cur-
rent generation. This issue becomes signiﬁcant given the close proxim-
ity of Calabrian canyon heads to the shoreline during highstand
conditions of sea level.
The purpose of this paper is to carefully examine the sedimentologic
characteristics of the Ionian Sea turbidites that are correlated with his-
toric earthquakes, so that we can deﬁne the sedimentary processes
that are related to the earthquake generation and help to provide
criteria that distinguish seismo-turbidites from turbidites generated
by numerous other processes such as river ﬂood, hyperpycnal ﬂows,
storms, and random slope failures.
3. Seismicity
Eastern Sicily and southern Calabria bear a historical record of de-
structive earthquakes often associated with tsunamis (Rovida et al.,
2011; Tinti et al., 2004). In the study area, historical earthquakes with
Mw N 5.8 for the last 1000 years include the AD 1908, 1907, 1818,
1783, 1693, 1542, 1169 and 1125 earthquakes (Table 1). Despite the
availability of a detailed earthquake catalogue (Rovida et al., 2011),
the source parameters of most earthquakes are still debated, and con-
troversial interpretations exist especially for the earthquakes that may
have been generated offshore, or along faults that extend into the sub-
merged portion of the Calabrian Arc subduction system.
On 28 December 1908, a catastrophic earthquake (Mw 7.24) result-
ed in the almost complete destruction of Messina and Reggio Calabria.Within minutes after the earthquake, a tsunami with a maximum ob-
served run up of about 11 m hit the coasts of Calabria and Sicily and
caused 60,000 deaths (Boschi et al., 2000). Although it is generally
agreed that the earthquakewas the result of normal faulting in theMes-
sina Strait area, there are still uncertainties about speciﬁc location and
throw of the causative fault (Pino et al., 2009 and references therein).
The AD 1693 earthquake hit eastern Sicily, with a strong seismic se-
quence starting on 9 January (Mw=6.21), and amain shock on 11 Jan-
uary, with an estimated magnitude of Mw 7.41 (Rovida et al., 2011).
This is the strongest earthquake recorded in the study area, and caused
over 60,000 deaths in eastern Sicily (Tonini et al., 2011). However, the
identiﬁcation of a possible causative fault plane remains highly
uncertain.
Very little information exists for the 4 February 1169 (Mw 6.6)
earthquake, which did strike Eastern Sicily. The earthquake destroyed
Catania, although it is not possible to reconstruct in detail the extent
of damages in the surrounding areas (Boschi et al., 1997).
Very scarce information is available for the 1542 event, but among
earthquakeswithMw N 5.8, it is not associatedwith a reported tsunami.
For historical earthquakes, which could have affected the study region,
more data is reported in the catalogues (Rovida et al., 2011).
4. Methods
Chirp-sonar proﬁles were collected using a TELEDYNE-BENTHOS
Chirp II system, 3–7 kHz operating frequency, equipped with hull-
mounted transducers (15 in total). Chirp-sonar data were digitally sam-
pled and stored in SEG-Y ﬁles. Quality-check and data processing,which
included ﬁltering and amplitude equalization, as well as statics and po-
sitioning correction, was performed onboard using the open ISMAR-
CNR software SeisPrho (Gasperini and Stanghellini, 2009). Swath-ba-
thymetry was collected using a SIMRAD 710 Multibeam echosounder.
Cores were collected during two cruises, CALAMARE08 (CALA 04,
05) and CALAQUAKE14 (CQ14_02), carried out onboard of R/V Urania
in 2008 and 2014, respectively. During CALAMARE08 a 1.2 ton gravity
corer was employed, with coring pipes 6 m long, while during
CALAQUAKE14 cores were collected using a 2.3 ton CP20 piston corer,
with coring pipes 10 m long.
Coring sites were selected through analysis of high resolution Chirp-
sonar data, combined with bathymetric maps, which characterized tec-
tonic, oceanographic and depositional settings at each core location
(Figs. 1 and 2). We selected basin depocenters hundreds of kilometers
from the coast to reduce inﬂuence by river inputs and siteswith reduced
sedimentation rates in order to get a longer time span. The cores ana-
lyzed in this work represent different bathymetric settings (core
CALA04: open abyssal plain, core CALA05: conﬁned basin close to the
abyssal plain and CQ14_02: slope terrace) (Fig. 1).
The cores sections were analyzed through a multi-proxy approach
involving sedimentology, physical properties, XRF core scanner, organic
matter, micropaleontology and mineralogy.
Grain size for cores CALA 04 and CALA 05 was analyzed with a sam-
pling rate of 1 cmover the entire studied section. Sediment texture anal-
yses were performed through the Laser Diffraction Particle Size
Analyzer Beckman coulter LS-230, on the 0.04–2000 μm fraction. Core
CQ14_02 was subsampled with a sampling rate from 1 to 12 cm de-
pending on visual characteristics. Grain size analyses were performed
by laser MALVERN Mastersizer 2000 (Hydro 2000S), size range from
0.02 to 2000 μm fraction. Results were classiﬁed according to
Friedman and Sanders (1978) grain-size scale.
High resolution Magnetic Susceptibility (MS) was acquired with a
core log system (Bartinghton model MS2, 100mm loop sensor) and ac-
quisition performed with a sampling interval of 0.5 cm.
X-ray Computer Tomography (CT) was performed on all cores. Core
sections were scanned by a medical CT system under X-ray energy of
120 kV and pitch of 0.3. The ﬁnal images have a voxel size of 118/
512 m3 and slice thickness of 1 mm. The intensity of the transmitted
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expressed as CT number (Hounsﬁeld unit).
The chemical composition of core CALA 05was determined by using
the Avaatech XRF-core scanner under two different settings (10 and
50 kV). Measurements were performed every 1 cm along the whole
core. Data were plotted after being normalized with Ti, and Zr was nor-
malized to Rb.
A total of 151 samples were analyzed for total organic carbon (TOC).
Analyses were performed on acidiﬁed sediment (HCl, 1.5 M) to remove
the inorganic fraction. Total Carbon (TC) and total nitrogen (Ntot) were
determined on untreated sediments. Analyses were made with a
Finnigan DeltaPlus mass spectrometer directly coupled to a FISONS
NA2000 Element Analyzer via a CONFLO interface for continuous ﬂow
measurements. TOC and Ntot contents have been reported as weight
percent (wt%). C/N ratio was calculated as molar ratio between TOC%
and Ntot% (14/12 ∗ TOC% / Ntot). The accuracy, calculated on atropine
analyses, is ±0.61 and ±0.11% for carbon and nitrogen, respectively,
while precision is 2.45% and 1.92%.
Analyses of planktonic and benthic foraminifera were performed on
141 samples (49 from CALA 04, 23 from CALA 05 and 69 from
CQ14_02), and were integrated with previously published data on
CALA 04 and CALA 05 (Polonia et al., 2013a). All samples, of about 3–
8 g of dried sediment, 0.5–1.5 cm thick, were dried at 44 °C for 24 h,
weighed, soaked in water, wet sieved through sieves of 63 μm, dried
and weighed again. Foraminiferal analyses were carried out on the
size fraction N 63 μm. Concentration of benthic foraminifera was esti-
mated in a split portion of 0.03 g of dry residue N 63 μm, or on the entire
sample if the size fraction N 63 μmwas b0.03 g. The identiﬁcation of fo-
raminifera is supported by selected key papers such as Banner and Blow
(1960), Cita et al. (1974), AGIP (1982), Kennett and Srinivasan (1983)
and Rasmussen (2005). Ecological signiﬁcance of the benthic species
was mainly inferred from previous studies in the Mediterranean Sea
(Blanc-Vernet, 1969; Parisi, 1981; Murray, 1991, 2006; Rasmussen,
2005) (Table 2).Table 2
Water depth distribution of the main benthic foraminifera in core samples.
Inner shelf Wide range of bathymetry
(from shelf to slope)
Abyssal
Ammonia spp.
Elphidium spp.
Asterigerinata mamilla
(Williamson, 1858)
Cibicides lobatulus
(Walker & Jacob, 1798)
Cribroelphidium spp.
Elphidium spp.
Neocorbina terquemi
(Rzehak, 1888)
Nonion depressulum
(Walker & Jacob, 1798)
Nonionella turgida
(Williamson, 1858)
Rosalina spp.
Valvulineria bradyana
(Fornasini, 1900)
Bolivina spp.
Bulimina spp.
Cassidulina carinata Silvestri,
1896
Cassidulina laevigata d'Orbigny,
1826
Cibicidoides spp.
Fissurina ﬁmbrata (Brady, 1882)
Fissurina orbignyana (Seguenza,
1862)
Gavelinopsis praegeri
(Heron-Allen & Earland, 1913)
Globobulimina afﬁnis d'Orbigny,
1839
Globocassidulina subglobosa
(Brady, 1881)
Gyroidina umbonata (Silvestri,
1898)
Gyroidinoides spp.
Lagena elongata (Ehremberg,
1844)
Lagena laevis (Montagu, 1803)
Lagena striata (d'Orbigny, 1839)
Pullenia quinqueloba (Reuss,
1851)
Pyrgo spp.
Quinqueloculina viennensis (Le
Clavez & Le Calvaz, 1958)
Sigmoilina spp.
Uvigerina spp.
Articulina tubulosa
(Seguenza, 1862)Mineralogical analyses were carried out on selected samples to de-
ﬁne sediment composition and sources using Polarized Light Micro-
scope (PLM), immersion liquids (RI = 1.60) and scanning electron
microscope with EDS attachment. PLM allowed the identiﬁcation of
the main components (minerals and plant fragments), and SEM/EDS
was used to identify minerals and estimate proportions among
components.
Radiocarbon ages obtained in previous studies were integratedwith
new ages to deﬁne a chronological framework for the turbidites of this
study (Supplementarymaterial SM1). To estimate emplacement timeof
twonewly discovered turbidite beds, three high-resolution radiocarbon
ageswere obtained on planktonic foraminifera sampled from the pelag-
ic sediment that brackets turbidite beds in core CQ14_02 (Table 3). Ra-
diometric ages have been used for age modelling in core CQ14_02
through the OxCal software (Bronk Ramsey and Lee, 2013) following
the same procedure described in Polonia et al. (2013a) and SM1. The
input parameters to generate the age model were the uncalibrated 14C
ages and respective ΔR integrated with ages of ST1, ST2 and ST3 (i.e.
AD 1908, 1693 and 1169) with their corresponding corrected depth as
deduced fromprevious studies (Polonia et al., 2013a and SM1). The reg-
ularity of the sedimentation rate is determined by the k parameter with
the higher values of k reﬂecting smaller variations in sedimentation rate
(Bronk Ramsey, 2008). For our purposes we chose k = 3.0 because we
assume that the pelagic sedimentation rate has been constant during
the last 1500 years in the study area (Polonia et al., 2013a, 2015). The
model ﬁnally calculates the age of each corrected depth corresponding
to the turbidites of interest and generates the 95.4% probability age
ranges (2σ). In conjunction with 14C dating, pelagic sediment thickness
has provided the average time-intervals between two successive turbi-
dite beds (“Hmethod” of Gutiérrez-Pastor et al., 2009); correlationwith
the time elapsed between the proposed triggering earthquakes reﬁned
age results. Additional details on 14C data and age modelling are de-
scribed in Supplementary SM1.5. The sedimentary record of turbidites related to historic
earthquakes
Previousmultidisciplinary studies of cores CALA 04 and 05 provided
proxies to distinguish between pelagic sediment and turbidites and
three most prominent turbidite beds in the upper sedimentary se-
quence were correlated to the AD 1908 Messina, AD 1693 Catania and
AD 1169 Eastern Sicily earthquakes (Polonia et al., 2013a and SM1).
We label these three turbidite sequences as seismo-turbidites (ST), be-
cause we interpret that they have been generated by the three historic
earthquakes. Each of the historic STs is characterized by a cyclic pattern
of four units that appear to mark different phases of depositional pro-
cesses. Building on the previous observations, in this study we intro-
duce new data from CT scans, high-resolution magnetic susceptibility,
texture, micropaleontology, TOC and C/N, to characterize the four
units of the STs. Our objective is to understand the quake-generated
sedimentary processes of the ST units.5.1. Core CALA 04 (3845 m water depth)
Core CALA04 is located in the abyssal plain of thewestern Ionian Sea
(Fig. 2a) that is fed directly by the westernmost canyon, which extends
from theMt. Etna region downslope along the base of the Malta escarp-
ment (N. 1 in Fig. 1). The escarpment is cut in this region by a dense net-
work of short and steep incisions. ThisMalta Escarpment canyon system
intersects one of the three submarine cables (about 60 km to the south-
east of the Sicilian coast) that were broken during the AD 1908Messina
earthquake (Fig. 1). A detailed description, top to bottom, of the STs ob-
served in the uppermost section of core CALA 04 follows (Fig. 3).
Table 3
14C ages for samples collected within pelagic sediments bracketing the turbidites in core CQ14_02. Measured ages were calibrated according to the radiocarbon calibration program CALIB
REV6.0.0 (Stuvier and Reimer, 1993) and results are reported both for ΔR = 0 and ΔR = 147 ± 43.
CQ14_02 core
depth (cm)
Position relative
to the turbidite
Type of
sample
Lab. N. Measured
14C age BP
calibrated Age (2σ) according to CALIB
REV5.0.2 by Stuiver et al. (2005)
ΔR = 0
Calibrated age (2 σ) with ΔR= 147 ± 43 (weighted mean
including 2 ΔR in the surrounding regions)
1. 210–211 0.5 cm below
T2/2 base
Foram Poz-77891 1075 ± 30 AD 1260‐1391 AD 1322‐1488
2. 254–255 2 cm below ST3
base
Foram Poz-77889 1575 ± 30 AD 724‐900 AD 824‐1080
3. 256.5–257.5 4.5 cm below ST3
base
Foram Poz-77890 1845 ± 30 AD 465‐647 AD 591‐805
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Unit ST1a (black, 5–13 cm): CT scan images and CT number provide
high-resolution information on the ﬁne structure of this turbidite
bed, which is not a single unit. Unit ST1a has three different parts
shown by high but variable CT number, TOC, C/N and mean grain
size (MD) (Fig. 3). The lowermost sandy sub-unit ST1a1 (9 to
13 cm) is characterized by low TOC and very low Ntot resulting in a
high C/N, which indicates a more continental input. The upper two
sand/silt sub-units (ST1a2: 7–9 cm and ST1a3: 5–7 cm) have low
TOC and low N resulting in a C/N N 10, which again indicates both
are dominated by continental inputs.We call the ST1a unit a stacked
seismo-turbidite (stacked ST sensu Nelson et al., 2012, 2014) be-
cause it has three separate turbidite stacks (ST1a1, ST1a2, ST1a3)
each with different grain size gradation, sedimentary structures,
and composition.
Foraminiferal assemblages in ST1a are size-selected and consist of a
low amount of small-sized (b125 μm) planktonic specimens, while
rare benthic species are indicative of a wide range of bathymetry
and include inner shelf fauna. The ﬁner-grained upper part lacks
inner shelf fauna.
Unit ST1b (grey, 4–5 cm): This unit shows an increase in TOC and
Ntot, and low C/N (more marine sensu Mayer, 1994) (Fig. 4). Only
taxa of wide bathymetric range are present in foraminiferal
assemblages.
Unit ST1c (dark orange, 2–3 cm): It is marked by mm-thick white
laminae associated with a decrease in grain size, TOC and C/N that
is slightly more marine (Fig. 4).
Unit ST1d (light orange to beige, 0–2 cm): It is associatedwith a sand
peak, deepwater forams only in the basal part, the presence of inner
shelf forams and high values of C/N, all suggesting a more continen-
tal input.
5.1.2. The AD 1693 ST (ST2) is 31 cm thick and is made up of four units
Unit ST2a (black, 33–45): The high resolution CT scan sedimentary
structures, MS and TOC analysis suggest that this ST2a unit is repre-
sented by two stacked STa sub-units (40–45 cm and 33–40 cm), al-
though the sand % andMD show 3 faint sand gradations (Fig. 3). The
basal part of the lower stacked sub-unit ST2a1 is characterized by
parallel lamination and at its base it is marked by a sharp increase
in TOC and high values of C/N, which decrease upwards. The sedi-
mentary structures of the CT scan reveal a lower Bouma Tb ﬂat lam-
inated unit (43–45 cm) overlain by an upper Bouma Tc cross-
laminated unit (40–43 cm). The upper sandy stacked sub-unit
ST2a2 shows a basal ﬂat laminated Bouma Tb from 37 to 40 cm,
with an increase in TOC and C/N. The base of the second stacked tur-
bidite is marked by a strong peak inMS and an increase in sand con-
tent which is shown by sand % and MD. All of the aforementioned
data from 37 to 40 cm conﬁrm the beginning of a new stackedsub-unit ST2a2. The Bouma Tb basal part is overlain by Bouma Tc
cross-laminated sand that grades upward from 33 to 37 cm as
shown by MS and MD data. The overall ST2a unit shows low values
of TOC, similar to turbidite ST1a. Foraminiferal assemblages are
characterized by a high amount of mainly planktonic specimens, a
concentration of inner shelf and awide bathymetric range of benthic
species (Fig. 3).
Unit ST2b (grey, 19–33 cm): This unit shows a gradual decrease in
grain size associated with an increase in TOC and Ntot, while C/N
shows small ﬂuctuations always lower than 10 (Fig. 3). The appear-
ance of ST2b in the core photo suggests a homogenousmud that has
been called homogenite or uniﬁte (Kastens and Cita, 1981; Stanley,
1981). However, the CT scan shows faint lamination, and the grain
size plus MS data reveal a continuous textural grading of a turbidite
mud, which is typical for homogenite/uniﬁte deposits (Tripsanas et
al., 2004). Foraminiferal abundance shows a substantial decrease in
this unit. Benthic species aremainly indicative of awide bathymetric
range and inner shelf forams are present throughout the layer.
Unit ST2c (orange, 16–19 cm): It ismarked by a basal 1 cm thickdark
orange layer with mm-thick white laminae, no textural grading, a
decrease in TOC and Ntot, and a lack of benthic foraminifera (Fig. 3).
Unit ST2d (light orange to beige, 14–16 cm): This unit is homoge-
nouswith no evident internal layering in the CT scan, but the texture
shows a slight ﬁner gradation upward. Rare benthic foraminifera are
found from a wide bathymetric range.5.1.3. The AD 1169 ST (ST3) is 21 cm thick and is made up of four units
Unit ST3a (black, 57–69 cm): It is not a single sediment unit but has
two stacked STa turbidite sub-units. The lowermost sub-unit ST3a1
extends from 66 to 69 cm and is characterized by a silt grain size
and apparent Bouma Td ﬂat lamination (i.e. ﬁne grain size), MS
with two slightly coarser grain size increases, and C/N ratio of
about 10 (Fig. 3). The upper sandy silt sub-unit ST3a2 from 57 to
66 cm exhibits 3 coarser grain size increases shown by MS and
MD, as well as higher TOC and C/N ratios compared to the lower
sub-unit ST3a1. The upper sub-unit ST3a2 is characterized by a com-
plex structure with a possible lower Bouma Tc cross-laminated (ob-
scured by bioturbation?) overlain by a Bouma Td set of undulating
laminae and mud chips. The overall ST3a unit shows high values of
TOC opposite to turbidites ST1a and ST2a. The high C/N ratios sug-
gest a more continental origin of the organic matter. Benthic forami-
niferal assemblages show a wide range of bathymetric assemblages
that include inner shelf fauna in the upper part of ST3a2, while the
basal part of ST3a1 has no inner shelf fauna, which again conﬁrms
the two stacked sub-units.
Unit ST3b (grey to beige, 53–57 cm): It is a faintly laminated, graded
homogenite turbidite mud that is similar in grain size and homoge-
neous nature to the ST2b and ST1b grey turbidite muds. However,
Fig. 3.Uppermost section of core CALA 04: CT scan with CT number in red, photograph with high resolution magnetic susceptibility in yellow, grain size modes in different colours, grain
size % with mean diameter grain size (MD) in red, sedimentary facies STa, b, c, d with benthic foraminifera assemblages and organic carbon data (TOC%, Ntot, and C/N: green areas if C/
N b 10, yellow areas if C/N N 10). Benthic foraminiferal assemblages are grouped in three different classes: blue = abyssal species (mainly A. tubulosa); green = wide bathymetric
ranges; brown = inner shelf (see Table 2 for more details). Thin coloured line = rare specimens: b25 specimens in 0.03 g of sample; thick coloured line = common specimens: N25
specimens in 0.03 g of sample (see Table 2 for details on the bathymetric distribution). Identiﬁed seismo-turbidites (ST1, ST2 and ST3) with individual units (a, b, c and d) are indicated.
183A. Polonia et al. / Marine Geology 384 (2017) 177–198the ST3b unit exhibits a colour change from grey to beige, has lower
TOC and lacks benthic foraminifera.
Unit ST3c (dark orange, 51–53 cm): This unit exhibitsﬂat lamination
in the CT scan, lacks signiﬁcant grain size gradation and has low C/N
ratios (Fig. 3).
Unit ST3d (orange to beige unit, 48–51 cm): This unit is homoge-
neous without sedimentary structures, shows a silt peak at the
base, and a ﬁning upward trend with a gradational increase in claycontent, TOC, Ntot and higher C/N ratios. Deep-sea benthic foraminif-
era are absent and inner shelf species are present in ST3d, whereas
shelf species are absent in ST3b and ST3c (Fig. 3).5.2. Core CALA 05 (3814 m water depth)
Core CALA 05 is located in a perched basin of the outermost accretion-
ary wedge close to the abyssal plain but not directly connected to the
Fig. 4. a) Enlarged photo of turbidite ST1 in core CALA 04with super-imposedMD (red line) and C/N (black line). C/N N 10 ismarked by yellow areas.White box shows location of enlarged
photo in part b. b) Enlarged photo of the upper part of ST1 in core CALA 04 showing the distinct units ST1a, ST1b, ST1c and ST1d. Unit STc is marked by a basal dark orange unit with mm
thick white and brown laminae. The light orange upper unit ST1d, on the other hand, is homogenous and does not show any lamination.
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shows thinner basal sand units with a lower sand content (Fig. 5).
5.2.1. The AD 1908 ST (ST1) is 6 cm thick and is made up of four units
Unit ST1a (black, 5–6 cm): The CT scan shows two peaks suggesting
two stacked ST1a sub-units (Fig. 5). The core photo also shows two
dark sandier units (Fig. 6b), however because of sample spacing,
the resolution of the MS, textural and compositional data is not
great enough to distinguish 2 sub-units. The basal sand is marked
by a peaks in Zr and Ba, as well as low TOC and C/N. Foraminiferal
specimens are size-selected and consist mainly of a low amount of
small-sized (b125 μm) planktonic taxa and rare benthic, almost en-
tirely represented by species indicative of a wide range of bathyme-
try, from outer shelf to slope.
Unit ST1b (grey, 4–5 cm): This homogenite silt unit has a thickness
which varies from 1 to 2 cm (Fig. 5) and MD shows a rapid decrease
in grain size associated with an increase in TOC, N, and C/N is b10
(Fig. 6a). A few small-sized foraminifera are present, mainly plank-
tonic and rare benthic species indicative of a wide range of
bathymetry.
Unit ST1c (orange, 2.5–4 cm): It is marked by a sharp base and a
transitional top, faint CT andmm-thick brown andwhite laminae as-
sociated with a slight decrease in TOC and C/N which suggests a
more marine sediment source (Fig. 6b).
Unit ST1d (light orange, 0–2.5 cm): Light orange to beige homoge-
neous sediments are associated with values of C/N N 10 and with
an increase in Fe, Al andMn, all of which suggest a more continentalinput (Figs. 5 and 6). ST1c and ST1d are almost barren in
foraminifera.
5.2.2. The AD 1693 ST (ST2) is 13 cm thick and is made up of four units
Unit ST2a (black, 19–21 cm): The high resolution CT scan, MS, TOC
and C/N data suggest that this unit is represented by two stacked
turbidite sub-units (19–20 and 20–21 cm), although the MD grain
size resolution is not great enough to show this (Figs. 5 and 6a).
Each stack exhibits mm scale parallel laminations that probably rep-
resent Bouma Td sedimentary structures. The lower stacked ST2a1
sub-unit has lower TOC and C/N while the upper stacked ST2a2
sub-unit shows high TOC contents and C/N N 10, which suggests a
more continental source for the upper turbidite stack. ST2a1 is char-
acterized by high Zr and Ba concentrations, which again suggest two
different sources for the ST2a1 and ST2a2 sub-units (Fig. 5). Forami-
niferal assemblages are size-selected and consist mainly of a low
amount of small-sized (b125 μm) planktonic taxa and rare benthic
species, that mainly indicate a wide range of bathymetry, including
inner shelf and abyssal taxa.
Unit ST2b (grey, 12–19 cm): The grey homogenite clayey silt ex-
hibits faint parallel mm-thick laminae at the base and becomes ho-
mogeneous at its top (Fig. 5). This unit shows a gradual decrease
in grain size associated with an increase in TOC and Ntot in its
upper part where a high value of C/N suggests a more continental
input of organic matter. Foraminifera are rare and characterized
mainly by small-sized planktonic species in associationwith benthic
taxa indicative of a wide range of bathymetry (shelf to slope).
Fig. 5.Uppermost section of core CALA 05: CT scan with CT number in red, photograph with high resolution magnetic susceptibility in yellow, grain size modes in different colours, grain
size % with mean grain size (MD) in red, sedimentary facies STa, b, c, d with benthic foraminifera assemblages, organic carbon data (TOC%, Ntot, and C/N: green areas if C/N b 10, yellow
areas if C/N N 10) and XRF data. Benthic foraminiferal assemblages are grouped as in Fig. 3. Identiﬁed seismo-turbidites (ST1, ST2 and ST3) with individual units (STa, b, c and d) are
indicated.
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ent only in the lower part of the unit.
Unit ST2c (orange, 11–12 cm): Unit ST2c is marked by a dark orange
layer that exhibits faint laminations in the CT scan (Fig. 6). This layer
is associated with a decrease in TOC and C/N, which suggest a more
marine provenance of the organic matter.
Unit ST2d (light orange 8–11 cm): This unit is associated with in-
creased TOC and C/N values and higher values of Mn, Fe and Al, all
of which suggest a more continental source of the sediment. ST2c
and ST2d are almost barren in foraminiferawith only rare planktonic
and very rare benthic specimens indicative of wide range of
bathymetry.
5.2.3. The AD 1169 ST (ST3) is 21 cm thick and is made up of four units
Units ST3a and ST3b (black-grey, 31–45 cm): The ST3 is much ﬁner
grained than the ST1 and ST2 of CALA 5, which results inmore subtle
changes in texture and composition to distinguish different parts of
layer ST3. At the base of the layer, from 44 to 45 cm, the CT scan
shows mm scale lamination and two coarser-grained peaks and
this plus an MS peak correlative with the upper CT peak suggest
that the two turbidite stacked sub-units make up the ST3a (Fig. 5).
Above the ST3a thin base, a thick ST3b homogenite silt is found
from 31 to 44 cm. There are few compositional or faunalcharacteristics that distinguish it because there is no sand fraction
and it is barren of benthic foraminifera with only small planktonic
specimens present. The upper part of ST3b does show increased S,
Ba andMn content associatedwith an increase in Cl, whichmay sug-
gest an increased water content.
Unit ST3c (orange, 30–31 cm): This entire unit exhibits higher CT num-
bers, although the grain size is similar to the underlying ST3b unit.
Unit ST3d (light orange, 24–30 cm): An increase in Fe and Al is locat-
ed at the base of the ST3d unit, which is also associated with varia-
tions in values of TOC, Ntot, and higher C/N. ST3c and ST3d are
substantially barren with only small planktonic foraminifera.
5.3. Core CQ14_02 (3356 m water depth)
Core CQ14_02 was collected in a slope terrace, within a ponded
closed basin at a canyon mouth (Figs. 1 and 2b). This small basin is
bounded to the east by a structural high and to thewest by folds belong-
ing to the outer accretionarywedge. This area is fed by canyons connect-
ed with the Calabrian and Sicilian shelves, and these canyons die-out in
the ﬂat region of the slope terrace without reaching the abyssal plain.
Because of the containment caused by structural highs, this terrace set-
ting results in the highest sand content, the maximum thickness of the
turbidite beds, an expanded record of the STs and deposits that show
other minor turbidite events.
Fig. 6. a) Enlarged photo of turbidite ST1 and ST2 in core CALA 05with superimposedMD (red line) and C/N (black line). C/N N 10 ismarked by yellow areas.White box shows location of
enlarged photo in part b. b) Enlarged photo of ST1 in core CALA 05 showing the distinct units ST1a, ST1b, ST1c and STc. Unit STc ismarked by a basal dark orange unitwithmm thickwhite
and brown laminae. The light orange upper unit STc is homogenous graded mud and does not have lamination.
186 A. Polonia et al. / Marine Geology 384 (2017) 177–198The turbidite beds exhibit the same STa, b, c, d units as other core lo-
cations (black at the base, grey and orange to beige at the upper part),
however these colours are not so distinct as in the other cores locations.
In the uppermost 270 cm of the core, we observe ﬁve turbidite beds
(Fig. 7).
5.3.1. The AD 1908 ST (ST1) is 134 cm thick and is made up of four units
Unit ST1a (black, 22–134 cm): ST1a is about 112 cm thick and is
marked by a sharp erosional base where the sand content increases
abruptly to about 80% and then decreases rapidly to b50% at 64 cm
(Fig. 7). The basal ST1a exhibits parallel laminations and a gradually
ﬁning upward trend in the MD, which stops at about 104 cm bsf. At
104 cm, chaotic sediment structures with contorted sand lenses ap-
pear and are associatedwith a new input of higher sand and a coars-
er MD (Fig. 7). The contorted sand bed continues from 104 cm to
60 cm with 4 sand peaks. From 22 to 60 cm, mm scale dark and
light lamina are observed in the CT scan (Bouma Td related to the
upper sand sub-unit?), but these are pulled down severalFig. 7.Uppermost section of core CQ14_02: CT scan with CT number in red, photographwith high re
size % withmean grain size diameter (MD) in red, sedimentary facies with benthic foraminifera asse
areas if C/N N 10). Benthic foraminiferal assemblages are grouped as in Fig. 3. Identiﬁed seismo-turcentimeters along the right side of the core barrel. The greater core
disturbance related to coarser sand, the pulled down laminae from
22 to 60 cm, and the highly disturbed sediment at the top of the
core above this, all suggest that severe coring disturbance has affect-
ed the core above 104 cm and that the STa unit is not an MTD.
In sum, two STa stacked turbidite sub-units (ST1a1: 104–134 cmand
ST1a2: 22–104 cm) appear to characterize the ST1a unit (Fig. 7). The
CT scan, TOC and Ntot (low for ST1a1 and high for ST1a2), C/N (N10
for the entire ST1a but higher for the upper turbidite stack ST1a2),
MS, and grain size data also suggest there are two turbidite stacks
with different compositions related to separate failure sources. Fora-
miniferal assemblages are dominated by planktonic taxa in associa-
tion with benthic species indicative of a wide bathymetric range.
Abyssal taxa are present only in a few samples in the middle of
ST1a2 while inner shelf taxa are present in the upper part of ST1a1
and within the lower part of ST1a2 (Fig. 7).
Unit ST1b (grey, 12–22 cm): This clayey silt homogenite shows a
gradual decrease in grain size associated with low TOC, increasedsolutionmagnetic susceptibility in yellow, grain size modes in different colours, grain
mblages and organic carbon data (TOC%, Ntot, and C/N: green areas if C/N b 10, yellow
bidites (ST1, ST2 and ST3) with individual units (STa, b, c and d) are indicated.
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188 A. Polonia et al. / Marine Geology 384 (2017) 177–198Ntot and C/N b 10 (Fig. 7). Foraminiferal assemblages include mainly
planktonic taxa in association with rare benthic species that repre-
sent a wide bathymetric range.
An orange to beige unit is 12 cm thick and is marked by a slight in-
crease in sand content (Fig. 7). The unit is highly disturbed, however
from8 to 12 cmtheremay be a slightly darker unitwith parallel lam-
inae (ST1c) and another possible lighter orange unit above (ST1d),
but no sedimentary structures can be deﬁned. Foraminiferal assem-
blages are characterized by lownumber of specimens,mainly plank-
tonic, with the occurrence of rare benthic species that represent a
wide bathymetric range. A few abyssal foraminifera are present in
the uppermost part of the unit close to the seabed (Fig. 7).
5.3.2. The T1/2 turbidite bed is 11 cm thick and made up of four units
The T1/2 turbidite is an additional turbidite, that is not present in the
other CALA 04 and 05 cores and that is found between the AD 1908 and
AD 1693 STs. It is 12 cm thick and shows the same four units as in the
other turbidite beds (black, grey, orange and beige) (Figs. 7 and 8a).
T1/2 is marked by a sharp sandy base (ST1/2a, from 141 to 145 cm)
with two distinct sand peaks characterized by C/N N 10. The grey unit
(ST1/2b, from 138 to 141 cm) shows a ﬁning upward sequence. The
upper orange unit shows a darker level (ST1/2c, from 136 to 138 cm),
which exhibits mm-thick laminae (Fig. 8a) while the light orange unit
above it (ST1/2d, from 134 to 136 cm) is rather homogeneous. Forami-
nifera are rare and represented by small planktonic species; the sandy
base also includes benthic species indicative of wide bathymetric
range and the abyssal environment.
5.3.3. The AD 1693 ST (ST2) is 54 cm thick and made up of four units
Unit ST2a (black, 179–198 cm): Similar to other core locations, ST2a
contains two stacked turbidite sub-units (ST2a1 from179 to 188 and
ST2a2 from 188 to 198 cm) that are shown by MD, MS and sand %.
The ST2a1 exhibits possible faint cross lamination (Bouma Tc?)
overlain by mm scale ﬂat lamination (Bouma Td?) (Fig. 7). The
ST2a2 exhibits mm scale ﬂat lamination throughout. C/N is N10 for
ST2a1 and is b10 for ST2a2. Foraminiferal assemblages consistmain-
ly of planktonic taxa in association with common benthic species
that indicate a wide bathymetric range, including the abyssal envi-
ronment. Inner shelf species are locally observed only in the upper
turbidite stack.
Unit ST2b (grey, 151–179 cm): This clayey silt homogenite exhibits
faint lamination and a gradual decrease in grain size. The TOC is rath-
er constant throughout this unit while Ntot increases upwards pro-
viding a decrease in C/N to values b 10. The observed foraminifera
are mainly planktonic in association with rare benthic species that
indicate a wide bathymetric range. Abyssal specimens are present
in the lower part of the unit.
Unit ST2c (dark orange, 149–151 cm): This unit shows faint
laminations.
Unit ST2d (light orange to beige, 144–149 cm): It is a homogeneous
clayey silt unit. C/N and TOC do not show any variation relative to
the units below. Foraminifera are rare and include only small-sized
planktonic species.
5.3.4. The T2/2 turbidite bed is 14 cm thick and made up of two units
The T2/2 turbidite has been emplaced between the AD 1693 and AD
1169 events and is not present in the CALA 04 and 05 cores. This bed dif-
fers from previously described turbidites because it does not have turbi-
dite stack sub-units and lacks the STc and STd units. The base of this
turbidite bed is not as sharp, the included units are not as clearly deﬁned
and transitions are more gradual compared with the other turbidites
(Fig. 8b). A single basal sandy silt unit extends from 206 to 212 cm,has classic simple ﬁning up texture shown by the CT scan andMD, con-
tains up to 10% sand, and exhibits faint lamination (Fig. 7). Above the
basal unit, a light grey to beige clayey silt unit is found from 198 to
206 cm. No darker orange unit with mm-thick laminae is present.
Both TOC and Ntot show an increase at the base of the turbidite,
which results in low C/N values, especially in the grey to beige unit. Fo-
raminiferal assemblages include mainly planktonic taxa in association
with rare benthic species in the lower part of the unit that represent a
wide bathymetric range and the abyssal environment.
5.3.5. The AD 1169 ST (ST3) is 46 cm thick and is made up of four units
Unit ST3a (black, 226–259 cm): ST3a has a sharp base and parallel
lamination and contains 2 sub-units shown by MD sand peaks
from 251 to 259 cm (ST3a1) and another from 226 to 246 cm
(ST3a2) which has a sandy silt tail extending to 226 cm (Fig. 7).
ST3a1 includes more benthic species than ST3a2, and inner shelf
species are present in ST3a1. The different sub-units are associated
with differences in composition (TOC, C/N, foraminifera) and these
observations indicate that the ST3a unit consists of two sub-units
as observed for core CALA 04.
Unit ST3b (grey, 220–226): It consists of a homogenous clayey silt
with a slight upward increase in clay (Fig. 7) and a decrease in
sand contents. Foraminiferal assemblages consist mainly of small
planktonic taxa in associationwith rare benthic species that indicate
a wide bathymetric range.
Units ST3c and ST3d (from 218 to 220 cm and 213–218 cm): They
show a homogeneous texture and exhibit some lamination but bio-
turbation has disrupted primary structures. Both units have rather
constant TOC and Ntot values and low C/N. Foraminifera only include
small-sized planktonic species and very rare benthic specimens in-
dicative of wide range of bathymetry.
In core CQ14_02 we selected three 14C samples within pelagic inter-
vals in order to determine emplacement time for the new turbidite beds
T1/2 and T2/2 (Fig. 7 and Table 3). Age modelling through OxCal soft-
ware (Bronk Ramsey and Lee, 2013) provides a representative set of
possible ages for turbidites T1/2 and T2/2 that are respectively AD
1715–1909 and AD 1344–1632 (Fig. 9).
6. Processes generating Ionian Sea turbidites
Intense tectonic activity and dynamic topography of the Calabrian
Arc produce a strong interplay between seismic shaking, sediment fail-
ures, turbidity currents and tsunami generation in the Ionian Sea. Dur-
ing historic times, episodic deposits on the basin ﬂoors are generated
by earthquakes (Polonia et al., 2013a, 2013b, 2016a) but major issues
that deserve further analysis include: i) the complexity of the sedimen-
tary record and of the seismic sources; ii) the sensitivity of core location
in linking individual deposits related to a speciﬁc earthquake; iii) the
earthquake magnitude threshold in triggering mass ﬂows; and iv) the
relative contribution of seismic shaking and tsunamiwave processes re-
lated to generation of STs. In addition, other triggers for turbidity cur-
rents besides earthquakes (i.e. random slope failures, storms, cyclones
and ﬂash-ﬂoods) need to be taken into account especially for those tur-
bidites that do not show a large areal extent like turbidites T1/2 and T2/
2. We will discuss next, how our multi-proxy approach aimed at deﬁn-
ing age, source and emplacement mechanism of each turbidite event,
may give insights to address all these issues.
The deposition of turbidites can be linked to a number of different
triggering processes (e.g. Piper and Normark, 2009; Talling, 2014)
such as storms (Mulder et al., 2001), tsunamis (Kastens and Cita,
1981; Shanmugam, 2011; Polonia et al., 2016a), hyperpycnal ﬂow
(Mulder et al., 2003; Casalbore et al., 2011), gas hydrate destabilization
Fig. 8. Enlarged photo of turbidites T1/2 (part a) and T2/2 (part b) from core CQ14_02with superimposedmean grain size diameter (red line) and C/N (black line). C/N N 10 ismarked by
yellow areas. a) Turbidite T1/2 shows the typical Ionian Sea stacked STa unitwith two sandy sub-units (T1/2a1 and T1/2a2) andC/N N 10, theﬁning upward ST1b grey unit (T1/2b), the STc
unitwithmm-thick lamina (T1/2c) and themore homogeneous STd unit (T1/2d). b) Turbidite T2/2 is different fromother STs because colour transitions aremore gradual and the turbidite
only has basal sand units (T2/2a) and a Tb homogenite unit (T2/2b) with no visible Tc or Td overlying the Ta and Tb units.
189A. Polonia et al. / Marine Geology 384 (2017) 177–198(Rothwell et al., 1998), earthquakes (e.g. Adams, 1990; Nelson et al.,
2000; Goldﬁnger et al., 2012) or a combination of these processes.
During the last decades tropical-like cyclones have occurred fre-
quently in the Ionian Sea (Miglietta et al., 2011). Thus these storms
may be considered as potential triggers for mass ﬂows and turbidity
current generation in the study region as has been suggested but not
proven for typhoon ﬂoods off Taiwan (Carter et al., 2012). The dimen-
sion of the Ionian study area is also important in this regard, because
we are dealing with a relatively small area with canyons only tens of
kmapart. This implies that one single cyclonic storm could have affected
the entire study area and the principle of synchroneity usually applied
in oceanic regions to unravel a seismic trigger (Goldﬁnger et al.,
2003a, 2012) may not be valid here. However, available data suggest
that a storm or ﬂood trigger for our STs is unlikely and here we list
major observations against this link.
Major storms occurred in the Ionian Sea in 1999, 2000, 2004,
2008 and the most intense one in 2012 with a minimum pressure
of about 980 hPa (Miglietta et al., 2011). Our post-storm cores (e.g.
CQ14_02) do not show any turbidite bed that could be related to
the 2012 storm.
Flash ﬂoods also develop in the ephemeral streams that are found in
the mountainous relief facing the Messina Strait region. These streams
are characterized by a short length, extremely steep valleys and a
high-energy hydraulic regime during ﬂash ﬂoods and thus are poten-
tially capable of generating debris ﬂows (Casalbore et al., 2011). On Oc-
tober 1, 2009 the northeastern Sicily coast was struck by major ﬂash
ﬂoods andwidespread landslides in the catchment area of steep subaer-
ial creeks. Debris ﬂows hit the coastal villages, entered the sea and pro-
duced mass wasting events and retrogressive slope failures. However,
such effects were observed only in shelf and upper slope (Casalbore etal., 2011). Our post-ﬂood cores in deep water basins show no evidence
of the 2009mass ﬂows suggesting that ﬂash ﬂoods events may produce
debris ﬂow in the shallow areas, but are not likely to trigger turbidity
currents that travel down to the abyssal plain and deep slope basins.
Frequent storm-induced sediment gravity ﬂows also are described
at the head of the Eel submarine canyon, but not down canyon (Puig
et al., 2004). In the Eel Canyon mouth, Paull et al. (2014) observed
that turbidites were emplaced on average every ~36 years during the
early Holocene lower sea levels, although the average frequency over
12,000 years is much less in the deep-sea downstream channel
(~246 years), which is a frequency similar to that of the Cascadia earth-
quake frequency in this area (Nelson et al., 2000; Goldﬁnger et al.,
2012). Like the Eel fan region, the frequency of storm and ﬂoods in the
Ionian Sea is very high but deep sea turbidites repeat every 100–
700 years (Polonia et al., 2015) implying that a less frequent trigger gen-
erates the deep-sea turbidites.
In the Ionian Sea, similar to other active tectonic margins, the fre-
quency of catastrophic ﬂoods and storms does not agree with the fre-
quency of turbidites in the abyssal sea ﬂoor deposits. Turbidite
frequency most often coincides with earthquake frequency in locations
such as offshore from the Cascadia subduction zone (turbidites and
earthquakes 1/~500 years) (Nelson et al., 2000; Goldﬁnger et al.,
2012), the northern San Andreas Fault (turbidites and earthquakes 1/
~200 years) (Goldﬁnger et al., 2007; Gutiérrez-Pastor et al., 2009),
Hikurangi margin in New Zealand (Pouderoux et al., 2012a, 2012b),
Chile subduction zone (Moernaut et al., 2014) and Sumatra (Patton et
al., 2015). For example, along the Cascadia Subduction Zone and North-
ern San Andreas Fault margins for the past 10,000 years, the average
turbidite recurrence times are different (530 and 200 years respectively
the same as onshore paleoseismic recurrence times), although the same
Fig. 9. Core CQ14_02 age model built using the P_Sequence (a Bayesian model of deposition) implemented in the computer program OxCal 4.2.4 (Bronk Ramsey and Lee, 2013). See
methods (Section 4) for explanation of calculation. We have estimated seaﬂoor erosion during ST1 and ST2 emplacement considering a constant pelagic sedimentation rate during the
last Millennia, as deduced by Polonia et al. (2013a). Deviation from this constant sedimentation rate (slope of the age model) provides evidence of only a small amount of seaﬂoor
erosion (0.6 cm and 1.6 cm during the ST1 and ST2 emplacement respectively).
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Along the New Zealandmargin for the past 18,000 years during high
and low sea levels, only 3% of the 77 turbidites have been deposited by
ﬂoods and storms, whereas all the others are seismo-turbidites
(Pouderoux et al., 2012a). In sum, along tectonically active margins,
earthquakes appear to be the dominant triggeringmechanism for turbi-
dites at centennial timescales (e.g. Nelson et al., 2012, 2014; Pouderoux
et al., 2012b; Polonia et al., 2013a, 2013b).
7. Correlation between STs and seismic events
Turbidites can potentially provide a valuable long-term record of
major earthquakes. STs are generally characterized bywide areal extent,
multiple sand/silt pulses (sub-units of coarser grain size) with variableprovenance, plus greater volumes, thickness and grain size than
storm-generated events (Nakajima and Kanai, 2000; Shiki et al., 2000;
Gorsline et al., 2000). The most conclusive proof for STs that cannot be
correlated with historic earthquakes is the synchronicity of correlative
turbidites over thousands of km2 as shown by stratigraphic correlations
(Adams, 1990; Nelson et al., 2000; Gutiérrez-Pastor et al., 2009), high
resolution radiocarbon ages (Goldﬁnger et al., 2003a, 2007), and physi-
cal properties (Goldﬁnger et al., 2012). However, widespread slope fail-
ure has been suggested as the only criteria for inferring seismic
triggering (Talling, 2014), even though it is difﬁcult to obtain accurate
radiocarbon ages to prove this.
Turbidite beds in the Ionian Sea exhibit all of the sedimentological
characteristics considered typical of STs: multiple sand pulses; variable
provenance as deduced from foraminiferal distribution,mineralogy and
TOC; large thickness up to 135 cm; sand content up to 80%, and wide
Fig. 10. Chronogram of the turbidite events identiﬁed in the gravity cores. Pink vertical bars: radiocarbon ages reported with its 2σ calibrated interval from Polonia et al. (2013a). Green
vertical bars: new radiocarbon ages obtained from core CQ14_02 (see Fig. 9 and Tables 3 and 4 in SM1). Grey bars: turbidite emplacement time deduced through chronostratigraphic
reconstructions considering mean interval of pelagic sediments bracketing turbidite beds and sedimentation rate (Tables 3 and 4 in SM1). Yellow bars: emplacement time deduced
through core correlations (see Fig. 11). Horizontal lines indicate the age of earthquakes (thick dark red: M N 7 tsunamigenic earthquakes; thin bright red: M b 7 tsunamigenic
earthquakes; grey horizontal line: M b 7 non-tsunamigenic earthquake). Light blue horizontal line at top: time span for 6 major cyclonic storms and ﬂoods between AD 2004 and 2012
(Miglietta et al., 2011), with no post-cyclone turbidites observed in cores taken after 2012.
191A. Polonia et al. / Marine Geology 384 (2017) 177–198areal extent compared to known storm or river-sourced turbidites.
However, the most robust proof of a seismic trigger for the Ionian STs,
is the synchronicity of turbidite emplacement time and historical earth-
quakes ages that are shown by radiometric and chronostratigraphic dat-
ing in cores CALA 04, CALA 05 and CQ14_02 (Fig. 10, SM1). This ST
interpretation is further supported by a number of different
observations:
i) The average time interval between successive turbidite beds cal-
culated from the thickness of pelagic sediment bracketing turbi-
dites and sedimentation rate agrees with the time interval
between major earthquakes (SM1) (Polonia et al., 2013a).
ii) The presence of stacked STa sand/silt sub-units is compatible
withmultiple synchronous submarine failures and turbidity cur-
rents triggered by an earthquake. This interpretation is con-
ﬁrmed by our new high-resolution compositional analyses,
which include mineralogy, C/N, foraminifera assemblages and
geochemistry (Figs. 3 to 8, SM2 to SM4). Moreover, for the AD
1908 event different cable breaks occurred immediately after
the earthquake suggesting the generation of multiple slope fail-
ures and turbidity currents that affected different canyon sys-
tems (Fig. 1).
iii) Cyclones and storms have a short recurrence times whereas
abyssal turbidites repeat every several hundred years similar to
earthquake timing.
iv) Although a number of intense storms and ﬂash ﬂoods with asso-
ciated upper slope failures have occurred in the study region dur-
ing the past 20 years (Miglietta et al., 2011), our deep sea cores
do not show any turbidites correlated with these events.
The historical information indicates that ST1 was generated by the
AD 1908 Messina earthquake. Radiometric and chronostratigraphic
ages show that ST1 was emplaced immediately after 1900 (Polonia et
al., 2013a). The AD 1908 Messina earthquake generated turbiditycurrents,which broke submarine cables in sequence as these ﬂows trav-
elled downslope (Fig. 1). The time elapsed between two successive
cable breaks was used to estimate turbidity current velocity of 6–7 m/
s (Ryan and Heezen, 1965). Analysis of sediment composition indicates
that the source area for ST1 includes low tomediumgrademetamorphic
rocks, like those outcropping in Calabria and Sicily near the Messina
Strait where the ﬁrst cable break and generating earthquake fault are
found (Fig. 1, SM2 to SM4) (Polonia et al., 2012, 2013a, 2016b).
We interpret that ST2was generated by the strongest recent Catania
earthquake (Mw=7.41 AD 1693), which deposited the thickest ST bed
on the abyssal plain (Fig. 3). Themaximum thickness of ST2 in the abys-
sal plain suggests that the canyon system at the base of the Malta es-
carpment is the major pathway for ST2 (canyon system N. 1 in Fig. 1).
In contrast, the main contribution of sediment deposited in ST1 comes
from the canyon system N. 2 in the central part of the study area (Fig.
1). However, in both ST1 and ST2more than one canyon systemwas ac-
tive as demonstrated by the occurrence of correlative STs in cores CALA
04, 05 and CQ14_02 (Figs. 3, 5, 7 and 11). For the AD 1908 earthquake
we know that at least a third canyon system was activated as shown
by the third cable breakwhich occurred in a slope terrace (N. 4 in Fig. 1).
We interpret that ST3was emplaced during the AD 1169Mw=6.41
earthquake, which had lower energy than the earthquakes generating
ST2 and ST1 (Table 1). The thickness of ST3 is similar to that of ST2 in
core CQ14_02, which implies that the canyon system N. 1 and 2 were
both active during the AD 1169 earthquake.
ST1, ST2 and ST3 are present also in cores CALA 06 and 07, which are
located in other conﬁned basins of the accretionary wedge and were
used only for turbidite correlation (Figs. 1, 2 and 11).
Our results, similar to other studies imply that location of coring sites
is a key point and has to be considered carefully (Goldﬁnger et al., 2012;
Sumner et al., 2013; Talling, 2014; Goldﬁnger et al., 2014; Patton et al.,
2015). Not all earthquakes trigger widespread slope failure, turbidite
distribution may vary in different types of turbidite systems, and the
threshold strength for an earthquake to generate an ST will vary in dif-
ferent geologic settings and thus the ST record may be incomplete in
Fig. 11. Correlation between turbidite beds in cores CALA04, 05, 06, 07 andCQ14_02. Themulti-proxy analyseswas performedonly in cores CALA04, 05 andCQ14_02while cores CALA 06
and 07, collected in conﬁned slope basins of the outer accretionarywedge (Figs. 1 and 2 for location)were used only for core correlation. The red line represents the top of theHomogenite/
Augias Turbidite (HAT), whichwas emplaced after theAD 365 earthquake and tsunami (Polonia et al., 2013b). For graphical reasons the scale of core CQ14_02 is twice relative to the other
cores.
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2014; Talling, 2014).
Core CALA 05 which is located in a deep slope conﬁned basin with-
out a direct canyon pathway has thinner STs than CALA 04, which is lo-
cated in the abyssal plain with direct canyon access. Core CQ14_02,
whichwas collected in a conﬁned slope basin fed directly by the canyon
system N. 2 exhibits thicker ST1, ST2 and ST3 than in cores CALA 04 and
05 (Figs. 1, 3, 5 and 7). In addition, two new turbidites, T1/2 and T2/2
(Figs. 7 and 8), not observed before, were deposited during the last
2000 years in this basin. Stratigraphically, T1/2 was deposited between
the time of the AD 1908 and AD 1693 earthquakes (Fig. 7). If T1/2 was
not generated by other processes, but was generated by an earthquake,
14C ages on available pelagic sediments and age modelling suggest that
it may be correlated with the AD 1818 or AD 1783 earthquakes (Figs. 9
and 10; Table 1; SM1). Location and magnitude of the two earthquakes
(i.e. the Mw= 5.94 AD 1783/2 and Mw= 6.23 AD 1818) suggest that
the most likely source for turbidite T1/2 is the AD 1818 earthquake, be-
cause it is stronger and it occurred close to Catania, in the Ionian Sea re-
gion (Fig. 1; Table 1).T2/2 was deposited between the AD 1693 and AD 1169 STs, and, if it
is seismically triggered, 14C ages on pelagic sediments below T2/2 sug-
gest that it is correlated with the Mw= 6.62 Siracusa AD 1542 earth-
quake (Figs. 7, 9 and 10; Table 1; SM1).
Our Ionian Sea research and studies elsewhere in Japan and Cascadia
Basin suggest that there are earthquakemagnitude thresholds required
to generate STs, but thresholds vary in different basin settings depend-
ing on rupture depth, earthquake type and distance from the slope to
the earthquake rupture (Nakajima and Kanai, 2000; Nelson et al.,
2000; Strasser et al., 2013; Van Daele et al., 2013, 2014). The Ionian
Sea conﬁned basin setting, like other conﬁned basins, seems to have
lower thresholds (Mw 6.2) for ST generation than in unconﬁned basins
like Cascadia and Japan (Mw 7.2) (Nakajima and Kanai, 2000; Nelson et
al., 2000; Strasser et al., 2013; Goldﬁnger et al., 2012). For the Ionian Sea,
the lower threshold for earthquake triggeringmay be related to the pe-
culiar physiography of this basin with very narrow shelves, steep conti-
nental slopes, high sedimentation rates and to the presence in the
sedimentary section of tephra layers that may act as weak horizons en-
hancing slope instability (Harders et al., 2010).
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that themain sediment input of turbidites ST1, T1/2, T2/2 and ST3 trav-
elled downslope along canyon systems N. 2 in the central region, which
also feeds the conﬁned slope basin of core CQ14_02 (Fig. 1). On the
other hand, the relative maximum thickness of turbidite ST2 in core
CALA 04 suggests that the direct sediment input from canyon system
at the base of the Malta escarpment (i.e. N. 1 in Fig. 1) was the main
pathway to the abyssal depths during the AD 1693 earthquake. This is
in agreement with the location of the Alfeo-Etna fault system, which
has been previously described as the likely source for the AD 1693
earthquake (Polonia et al., 2012, 2013a).8. Summary of the ST facies
The Ionian Sea STs are characterized by a basal stacked sand/silt that
grades upward into silt homogenites and a clayey silt cap. Colour chang-
es integrated with sedimentologic, geochemical, mineralogic and mi-
cropaleontologic data outline four different sediment facies (STa, STb,
STc, STd) (Figs. 3, 5, 7 and SM2 to SM4).
The STa basal unit is represented by dark sand/silt grain size sedi-
ment that generally exhibits stacked turbidite beds with different
grain size units, and geochemical/micropaleontologic composition
(Figs. 3, 5 and 7). Turbidite stacking may result from multiple earth-
quake-induced failures, a complex earthquake or both. The greatest
number of stacked units per each ST are found in the abyssal plain,
while the more protected basin setting of CALA 05 core, contains ﬁner
sediment, thinner deposits and a lower number of stacked units (Figs.
3 and 5). The thickest and coarsest grained turbidites occur in the con-
ﬁned basin of the slope terrace directly fed by canyon N. 2 (Figs. 1, 7
and 11).
Unit STb is characterized by homogenous multimodal clayey silt,
which shows an overall decrease in C/N related to a gradual increase
in Ntot; this suggests a more progressive marine input (Figs. 3 to 7). Mi-
cropaleontology also suggests a progressively marine input because of
the dominance in the benthic assemblages of awide range of bathymet-
ric and abyssal foraminifera.
Unit STc, where present, has a dark orange colour and is generally
characterized by mm-thick white and dark orange lamina whose
geochemical, micropaleontologic and compositional characteristics
suggest a more marine input (Figs. 4, 6 and 8). The grain size mode
of this unit is similar to the pelagic intervals, but the texture grades
upward.
The upper light orange STd unit is homogenous and shows at its base
new input of coarser material, a slight increase in CT number together
with an increase in Al, Fe andMn at its base (core CALA 05) and local oc-
currence of inner shelf foraminifera (Figs. 3 to 7). All these proxies are
interpreted to represent an increased continental input in the STd unit
deposition. An increase in Mn at the STd base (Fig. 5) is very similar to
what has been found in tsunamites along the Japanese margin after
the 2011 Tohoku earthquake (Arai et al., 2013; Ikehara et al., 2014;
Kanamatsu et al., 2014; McHugh et al., 2016). The Mn-enriched sedi-
ments have been interpreted to be the reworking of the redox layer
close to the seabed by the tsunami wave (McHugh et al., 2016).
The differences between these two STc and STd units are best
expressed in the abyssal plain deposits (Fig. 3). The slope terrace de-
posits do not always exhibit the laminated dark orange unit, which is
present only in turbidites ST1, T1/2 and ST2 (Fig. 7). ST3 in core
CQ14_02 does not show any laminated dark orange unit, but this may
result from the high degree of bioturbation present in the turbidite
tail, which has destroyed all primary structures. T2/2 is different from
all STs because it does not show the laminated dark orange STc unit,
nor sharp unit boundaries but, rather, gradual transitions (Fig. 8b). T2/
2 is unique because it is the only deposit that appears to be related to
a non-tsunamigenic earthquake (i.e. the AD 1542 event) (Figs. 7, 8b
and 10).9. Sedimentary processes for STa, b, c, d facies
The basal multiple coarse STa sub-units are attributed to synchro-
nous earthquake triggering of multiple sediment failures and turbidity
currents that have travelled downslope through different canyons
across the margin and/or to multiple seismic events such as the case
of the AD 1693 double earthquakes (Fig. 12b, c; Table 1). Slope mor-
phology provides the ﬁrst clue that the STa units consist of ST stacked
sub-units because two upper slope canyons converge to directly feed
thewesternmost canyon (N1) that feeds the CALA 04 and 05 sites of de-
position. Synchronously triggered turbidity currents that converge
belowmultiple tributary canyon conﬂuences are a typical setting for de-
positing stacked ST (e.g. Nelson et al., 2012, 2014; Gutiérrez-Pastor et
al., 2013). Stacked STs were ﬁrst described from the conﬁned basins of
Swiss lakes, where historic earthquakes triggered coeval landslides
and turbidity currents around the basin slopes that than deposited STs
on the basin ﬂoor (Strasser et al., 2007). This process alsomay have con-
tributed to the STs found in the Ionian slope basin terrace (Figs. 1 and 7)
and is another process that can create amalgamated beds (Nelson et al.,
2012).
The repeated coarser texture and sedimentary structures indicate
that the multiple STa sand/silt sub-units of ST1, ST2, and ST3 are depos-
ited from different slope failures and turbidity currents. The multiple
sand or sandy silt sub-units, which exhibit separate textural gradation
and repeated parts of Bouma Tb, Tc, and Td sequences help deﬁne the
different STa stacks (Figs. 3 to 7 and 12) (SM2 to SM4). Often the sand
stacks are ﬁner grained in upper sub-units, but sometimes they are
coarser such as in ST3a1 (Figs. 3 and 5). Variable graded STa sub-units
with different Bouma sequences and/or ﬂow directions have been ob-
served below tributary canyon and channel conﬂuences in both open
and conﬁned basins (e.g. Nelson et al., 2012, 2014; Gutiérrez-Pastor et
al., 2013; Van Daele et al., 2014).
The varying composition and ﬂow directions of the different STa
units is the key evidence to prove that the Ionian stacked ST result
from different sediment sources that were synchronously triggered by
earthquakes. For example, retrograde slope failures could possibly cre-
ate multiple sand sub-units and sequences of sedimentary structures.
However, different compositions and sources of each sub-unit stack
conﬁrm that synchronous turbidity currentswere triggered by an earth-
quake (Fig. 12). In the Ionian STs, the C/N ratios show that one basal
stack can have a more marine source while the overlying stack has a
more continental source such as in ST3a (Fig. 3). The foraminifera as-
semblages also show a difference in the two stacks of ST3a, where the
lower sub-unit ST1a1 lacks inner shelf species and the upper sub-unit
ST1a2 includes inner shelf species. In ST2a, the higher content of Zr
and Ba in the lower stack ST2a1 compared to the upper stack ST2a2,
shows an example of different geochemical sources for the two stacks
(Fig. 5). Mineralogy also can differ for separate sub-unit stacks (SM2
to SM4).
The textural and compositional differences both support the inter-
pretation that the Mw 6–7+ historic earthquakes in the Calabrian Arc
region generate stacked STs (Fig. 10). These results agree with previous
work in Japan (Nakajima and Kanai, 2000), off California (Goldﬁnger et
al., 2007) and Chile (Van Daele et al., 2014) where sedimentary struc-
tures and composition verify the origin of seismic-generated stacked
turbidites from similar magnitude earthquakes. It also supports the in-
terpretation that these lower magnitude earthquakes (Mw 6 to 8) are
characterized by stacked turbidites below conﬂuences of multiple can-
yon sources (Nelson et al., 2012, 2014). In contrast, the shaking of the
world's strongest subduction zone earthquakes (Mw 9 with nearly
32× more energy than Mw 8) cause STs with multiple basal sand
units that appear to result mainly from the shaking signature of the
great earthquakes rather than stacking below conﬂuences (Nelson et
al., 2012, 2014; Gutiérrez-Pastor et al., 2013).
The STb unit is a common homogenite mud deposit that is found
above the coarser-grained basal sandy part of STs (Nelson et al.,
Fig. 12. Schematic diagrams showing a) earthquake-generatedprocesses, b) the resulting sedimentary processes and c) depositswe observe in our cores. a) Propagation of a tsunamiwave
generated by seaﬂoor offset along a fault plane and/or resulting from slope failures. The tsunami wave may or may not interact with the seaﬂoor offset and slope failures to generate
seiches. b) Sedimentary processes and deposits related to multiple seismically triggered slope failures, resulting in multiple turbidity currents and deposition of stacked seismo-
turbidites overlain by homogenites deposited by the waning turbidity currents on the abyssal seaﬂoor. Seiching of conﬁned basin water masses, reworks seismo-turbidite homogenites
and deposition laminated clayey silts. Seaﬂoor erosion of shoreline and shelf by tsunami wave backwash ﬂows and creates slow sedimentation of ﬁnal suspension cloud that deposits
graded clayey silts and silty clays. c) General model of seismo-turbidite (ST) sequence for conﬁned basins where seiching can occur (i.e. lakes, fjords, landlocked seas like Marmara or
Ionian Sea). The sandy basal STa unit contains multiple stacked graded seismo-turbidite sub-units each with different Bouma Tb, Td and Tc structures and compositions (mineralogy,
chemistry, foraminiferal assemblages and C/N ratios). Above the stacked sandy base, graded homogenite muds, marine laminites and shallow water tsunamites deposit in response to
waning of the turbidity currents, seiching processes and tsunami backwash.
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an increasing clay content, is characteristic of STs in conﬁned basins
such as the Ionian Sea (Fig. 1). Similar homogenite ST deposits have
been described previously in the Marmara Sea, Antilles Basin, Aysén
Fjord and many Swiss lakes (Beck et al., 2007, 2012; Beck, 2009;
Çagatay et al., 2012; Van Daele et al., 2013; Strasser et al., 2007; Hilbe
and Anselmetti, 2015). Because of the synchronous earthquake trigger-
ing of multiple turbidity currents, and the basin conﬁnement that traps
the suspension cloud of these coeval turbidity currents, these waning
turbidite tail homogenite muds deposit over the basal coarser deposits
of an ST (Figs. 3, 5, 7 and 12). Severalmonths after the 2010 Haiti earth-
quake, a 600 m thick suspension cloud was found in the Puerto Rican
Trench (McHugh et al., 2011). Similar suspension cloud deposits appar-
ently have created these homogenite deposits in the Ionian and other
conﬁned basins.
The STc unit is characterized by mm-thick white and dark laminae,
has minimal textural grading and contains a more marine composition
of C/N ratios and foraminiferal assemblages (Figs. 3, 4, 5, 6, 7 and 8a).
Based on marine composition and particularly the lamina, we interpret
that the dark orange STc unit is related to basin wide seiching in the Io-
nian Sea (Fig. 12a, b). These forward and backwards movements of the
watermass can be related to the earthquake secondary surfacewaves or
tsunamis or a combination of both (Fig. 12). The seiching process can re-
suspend sediment on the slope, which then ﬂows as a dilute turbidity
current, or it can trigger wave-induced bottom currents, which theninteract with the seaﬂoor sediment. We have not been able to obtain
enough detailed information on the STc units to distinguish which one
of these sediment transport mechanism produce the laminae. However,
we believe that seiching bottom currents reworking sediment is the
most likely process because there is no grading and multiple lamina
are present in the STc unit. Fine scale laminations are also formed by
the migration of diagenetic fronts. However, our multi-proxy analysis
and the integrated interpretation of organic carbon data, foraminiferal
assemblages, geochemistry and sedimentology suggest that the sharp
base of this unit represents a discontinuity in sedimentation and the be-
ginning of a new cycle in the sedimentation related to the seiching
processes.
Both earthquake surfacewaves and the surge of tsunamiwavesmay
be involved in the creation of basin seiches. Surface waves from the
world's strongest Mw 9 earthquakes are known to cause entire ocean
basins to seiche. For example, the tide gauge time series after the 2004
Sumatra tsunami showedhigh frequency oscillationswith periods rang-
ing from minutes to hours, which persisted for several days after the
tsunami (Pattiaratchi and Wijeratne, 2009). These oscillations mainly
consisted of two types: (1) waves that comprise the tsunami and are
usually identiﬁed in tide gauge records during the ﬁrst few hours of a
tsunami, and (2) oscillations that are set up by the tsunami but whose
periods are governed by the local topography. These oscillations may
continue for several days after the tsunami's impact, with energy in a
particular period enhanced because of the tsunami. After the 2004
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shows that these processes affect entire ocean basins aswell as conﬁned
basins. For example in the enclosed basin of theGulf ofMexico, newspa-
pers reported that after the Mw 9.2 1964 Alaskan earthquake, the
seiches from the earthquake caused boats to break away from their
moorings. On the other hand, Mw 6 earthquakes affecting Swiss lakes,
may be too weak for earthquake surface waves to cause seiches, but
large tsunami events,most likely related to earthquake subaqueous sed-
iment failures in the lakes have resulted in water level oscillations that
lasted for eight days (Hilbe and Anselmetti, 2014). Seiche deposits
have been reported from STs of other conﬁned basins (McHugh et al.,
2006, 2011; Beck et al., 2007; Beck, 2009; Çagatay et al., 2012; Hilbe
and Anselmetti, 2015).
For the historic AD 1908 earthquake, there is evidence of seiching
in the Ionian Sea after the earthquake and related tsunami. Baratta
(1910) describes eyewitness reports of a very rough sea, which
lasted one day or more after the initial tsunami wave. These post-
tsunami water mass movements are described as decreasing oscilla-
tions with a period of 12–14 min and amplitudes of 5–6 m lasting for
5 h after the main tsunami wave. This evidence supports our inter-
pretation that seiching oscillations in the conﬁned Messina Straits
area appear to be responsible for the deposition of unit STc in the
AD 1908, AD 1818, AD 1693 and AD 1169 earthquake and tsunami
deposits.
The two dark orange and light orange STc and STd units are charac-
terized by signiﬁcant differences in sedimentary structures, textural
grading and composition. The STd unit is homogeneous but graded,
lacks sedimentary structures, has a more continental origin of C/N ra-
tios, and often includes inner shelf foraminiferal species (Figs. 3 to 7).
Because of the grading and more continental composition, we interpret
that the light orange STd unit, is a tsunamite cap created by tsunami
shoreline and shelf erosion and backwash return turbidity-currents,
which deposit the ﬁnal sediment in the Ionian Sea STs (Fig. 12). The
greatest travel distance and slow settling of tsunami sediment results
in a graded texture, the ﬁnest grain size, and more continental material
from the shallow water backwash (Figs. 3 to 7). The Mn-enriched layer
at the base of light orange Tc units in core CALA 05 is another important
observation, because it may result from the shallow veneer of the most
recent sediment (close to the redox front) that was entrained by the
tsunami wave backwash (Figs. 5 and 12b). Compared to conﬁned
basin settings, neither tsunamite caps nor seiche deposits have yet
been observed in 100s of STs from the unconﬁned basin settings of
the Cascadia and northern California margins (Nelson et al., 2000;
Goldﬁnger et al., 2007, 2012).
Although there is signiﬁcant variation in the ST1, ST2, and ST3 a and
b parts of the STs at different locations in the Ionian Sea (Fig. 10), the STc
and STd units have more or less the same thickness at all locations. For
example, although units STa and STb in core CALA 07 are thinner rela-
tive to core CALA 04 because of the more conﬁned setting, the STc and
STd units have a comparable thickness (Fig. 11). The consistent thick-
ness of STc and STd indicates that their deposition is related to regional
basin-wide depositional processes such as seiches and tsunamis would
cause (Fig. 12).
In contrast to the generally consistent thickness of the STc and STd
units, the varying thickness, stacking patterns, textures and composi-
tions of the STa and STb units in different depositional settings, indicate
that STa and STb are generated by local in contrast to basin-wide pro-
cesses (Fig. 12). The direct canyon access of the CALA 04 site results in
the clearest distinction of the STa and STb units, whereas the conﬁned
setting of CALA 05 results in less developed units (Figs. 3 and 5). The di-
rect access of a canyon to a conﬁned proximal terrace results in thickest
STa and STb units and again shows that they are deposited from local
failure sources (Figs. 7). However, in any of these depositional settings,
the variation of texture and composition of the STa stacked turbidites
shows that they are derived frommultiple local slope failures triggered
by the earthquakes.Assuming that the T2/2 turbidite is generated by the non-
tsunamigenic AD 1542 earthquake, T2/2 has a thickness comparable
to the T1/2 turbidite despite the 400 year time interval between AD
1169 and 1542 earthquakes and the 100 year interval prior to deposi-
tion of T1/2 (Figs. 7 and 10). This thickness relationship suggests that
tsunamigenic earthquakes (i.e. ST1, T1/2, ST2, ST3) may re-suspend
and transport larger amounts of sediment than non-tsunamigenic
earthquakes (i.e. T2/2). Most important, T2/2, which is the only turbi-
dite apparently not associated with a tsunami, is different from all
other STs because it does not contain the Tc or Td units and consists of
only STa and STb units (Fig. 8b). This observation suggests that the STs
generation by non-tsunamigenic earthquakes in conﬁned basins lack
the Tc and Td units that are associated with tsunamigenic earthquakes.
10. The AD 1908 (Mw= 7.2) Messina earthquake and tsunami
Because the single AD 1908 Messina earthquake resulted in ST1a
turbidite stacks from multiple slope failures, this observation provides
information to understand the highly debated origin for the 1908 tsu-
namis (seismically or landslide triggered) (e.g. Fig. 4; Table 1). The AD
1908 earthquake rupture, which is reported to be on the order of 1 m
(Loperﬁdo, 1909; Valensise and Pantosti, 1982), can create a runup of
the same amplitude or a bit more (Okal and Synolakis, 2004). It follows
that a signiﬁcant part of the 11 m 1908 tsunami runup must have been
triggered by landslides, which is in agreement with the observation of
three submarine cables breaks downslope along the margin (Ryan and
Heezen, 1965) and models that include a composite source (e.g. earth-
quake and landslide) (Tinti et al., 2008; Tappin, 2008; Favalli et al.,
2009). The location of slope failures, however, is highly debated (see
Billi et al., 2009 and references therein). The different texture, sedimen-
tary structures and composition ofmultiple ST1a stacks thatwe observe
suggests that more than one slope failure occurred after the earthquake
(Figs. 3 to 7). Our study thus provides information to unravel likely trav-
el paths, sources and failure emplacement mechanisms, to help under-
stand 1908 tsunami generation.
Turbidite ST1a in CALA 04 consists of three different stacked turbi-
dites, which show lowNtot and C/N N 10 and suggest amore continental
input (Figs. 3 and 4a). Thus, we interpret that seismic shaking triggered
at least three slope failures, even though we cannot exclude more than
three. The ﬁrst failure occurred in a deeper environment (no inner shelf
foraminifera are present) andwas followed by two additional slope fail-
ures with sources closer to the coast, which have entrained material
from shallow water and inner shelf foraminifera. Consequently, these
slope failures can be considered the likely source, together with seismic
shaking, for the generation of the AD 1908 tsunami, which agrees with
the study of Billi et al. (2008).
The ST1a characteristics at other locations provide further informa-
tion on the dynamics of theAD 1908 slope failures (Fig. 1). Multiple can-
yon systems fed by the event (i.e. canyon N. 1 in cores CALA 04 and 05;
canyon N. 2 in core CQ14-02; canyon N. 4 responsible for cable breaks),
show that more than one landslide was triggered by the earthquake.
The presence of volcanic minerals in the basal ST1a1 sub- unit of core
CQ14_02 suggests that the ﬁrst slope failure occurred in the region be-
tween Mt. Etna and the Messina Strait (SM4). This area is connected
to the canyons N. 1 and 2 (Fig. 1), however, ST1 thickness up to
1.35m in core CQ14_02 suggest that themain contribute is from canyon
N. 2.
11. The composite AD 1693 Mw= 7.4 earthquake
The AD 1693 seismic sequence started on January 9 with an earth-
quake of Mw= 6.21 which was followed by the strongest earthquake
of Mw= 7.41 two days after (Table 1). Consequently, we need to con-
sider if it is likely that the stacked turbidite ST2 in our cores could repre-
sent the ﬁnal product of these two closely spaced earthquakes. The
magnitude Mw = 6.21 of the ﬁrst earthquake (1693/1 in Table 1) is
196 A. Polonia et al. / Marine Geology 384 (2017) 177–198weaker than the AD 1818 and AD 1169 earthquakes, which apparently
triggered the T1/2 and ST3. These STs have a lower sand content (25%
and 15% respectively) than other STs (up to 85% of sand), which sug-
gests that earthquake magnitudes in the range of Mw 6 are too low to
trigger turbidity currents depositing thick sand stacks on the abyssal
plain (Figs. 3, 5 and 7). Because ST2a has a sand content up to 70%, it
seems most likely that ST2a deposits are related to multiple slope fail-
ures triggered by the second stronger Mw 7.41 earthquake, similar to
the ST1a deposits (Figs. 3 and 7). The relative maximum thickness of
ST2 in core CALA 04 suggests that sediment input for ST2 was from can-
yon system at the base of the Malta escarpment (i.e. N. 1 in Fig. 1). This
canyon location coincides with the location of Alfeo-Etna fault system
(Polonia et al., 2016b),whichpreviously has been described as the likely
source for the AD 1693 earthquake (Polonia et al., 2012, 2013a).12. Conclusions
Five turbidites deposited in the Ionian Sea during the last millennia
have been analyzed to determine the seismic shaking and tsunami
wave erosion processes that generate seismo-turbidites (ST). Using ra-
diocarbon and chronostratigraphic age models, the thickest turbidites
are correlated with the AD 1908 Messina, AD 1693 Catania, and AD
1169 Eastern Sicily earthquakes. Two newly described turbidites that
are only present in a perched slope basin appear to be seismically trig-
gered by the AD 1818 and AD 1543 earthquakes.
Textural, micropaleontologic, geochemical andmineralogic analyses
show that the STs have cyclic ordered sediment units (STa, STb, STc and
STd) marked by different colours. The basal black STa stacked turbidite
unit consists of sandy sub-units, with distinct composition related to
different sediment failure sources triggered synchronously by earth-
quakes. The second clayey silt STb homogenite mud unit exhibits de-
creased C/N ratios, which indicates a more marine provenance. This
unit is related to the re-suspension of the ﬁner-grained and deeper
water sediment by the multiple turbidity currents that deposit both
the STa basal sand stacks and STb turbidite tail mud units. The dark or-
ange and laminated STc unit showsmoremarine input and a lack of tex-
tural grading. We attribute this unit to water mass seiching resulting
from a combination of earthquake shaking, sediment failures, and per-
haps tsunami wave interaction in the conﬁned Ionian basin setting.
The STd upper unit is ﬁning upward mud with coarser sediment at the
base, as well as more abundant inner shelf foraminifera tests, which is
not observed in the underlying STc unit. All these proxies are
interpreted to indicate amore continental and shallowwater input sug-
gesting that unit STd is related to the slow settling of ﬁne sediment re-
suspended by tsunami backwash.
Based on these observations and taking into consideration the con-
ﬁned setting of the Ionian Sea, we propose a conceptual depositional
model for the development of tsunamigenic earthquake-triggered
seismo-turbidites in a conﬁned basin. This model illustrates the deposi-
tion of stacked turbidites, homogenites, laminites and tsunamites as a
response to the complex succession of sedimentary processes following
seismic shaking: multiple slope failures, waning ﬂows of the turbidity
currents, water mass seiching and tsunami backwash erosion. These
conﬁned basin STs contrast with unconﬁned basin STs that lack the
STc seiche unit and have poor or no development of the STd tsunamite
cap unit created by basin conﬁnement.
TheMessinaAD1908 and Catania AD 1693 STs provide two case his-
tories with the most information on the triggering seismic events. The
AD 1908 ST1 consists of three different stacked turbidite STa units, sug-
gesting that seismic shaking triggered at least three slope failures. The
ﬁrst failure occurred in a deeper environment close to Mt. Etna because
of more marine geochemical proxies, the absence of inner shelf forami-
nifera and the presence of volcanic minerals. This deeper slope failure
was followed by two additional shallower failures, located in Southern
Calabria and NE Sicily. These sediment failures can be considered thelikely cause, togetherwith coseismic seaﬂoor displacement, for the gen-
eration of the AD 1908 tsunami.
The AD 1693 ST2 contains two distinct stacked beds that could be
linked to multiple slope failures or to the sequence of two earthquakes
two days apart. However, we interpret that the magnitude (Mw =
6.21) of the ﬁrst earthquake, which occurred on January 9, was not
strong enough to trigger a turbidity current traversing to the abyssal
plain. Instead, we suggest that the stacked ST2a is the result of multiple
slope failures caused by the strongest historic earthquake (Mw 7.4) in
the Calabrian Arc region.
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